ABSTRACT: Epizootic ulcerative syndrome (EUS) caused by the oomycete Aphanomyces invadans is an invasive, opportunistic disease of both freshwater and estuarine fishes. Originally documented as the cause of mycotic granulomatosis of ornamental fishes in Japan and as the cause of EUS of fishes in southeast Asia and Australia, this pathogen is also present in estuaries and freshwater bodies of the Atlantic and gulf coasts of the USA. We describe a mass mortality event of 343 captive juvenile bullseye snakehead Channa marulius collected from freshwater canals in Miami-Dade County, Florida. Clinical signs appeared within the first 2 d of captivity and included petechiae, ulceration, erratic swimming, and inappetence. Histological examination revealed hyphae invading from the skin lesions deep into the musculature and internal organs. Species identification was confirmed using a species-specific PCR assay. Despite therapeutic attempts, 100% mortality occurred. This represents the first documented case of EUS in bullseye snakehead fish collected from waters in the USA. Future investigation of the distribution and prevalence of A. invadans within the bullseye snakehead range in south Florida may give insight into this pathogen-host system. KEY WORDS: Epizootic ulcerative syndrome · Mycotic dermatitis · Mycotic myositis · Non-native fish species · Oomycete · Water mold
INTRODUCTION
Epizootic ulcerative syndrome (EUS) has caused substantial economic losses to the aquaculture industry in countries such as Thailand and Bangladesh (Lilley et al. 1998) . The etiology for this disease may involve multiple pathogens; however, most consistently, Aphanomyces invadans (Family: Leptolegniaceae) has been isolated from lesioned fishes in the USA (Blazer et al. 1999 , 2002 , Vandersea et al. 2006 , Sosa et al. 2007b . A. invadans is an oomycete that is widespread in distribution and has been linked with cases of EUS since it was first documented in Japan in 1971 (Chinabut 1998 , Lilley et al. 1998 . While most severe cases of EUS in southeast Asia and Australia are reported from aquaculture facilities, those in the USA are almost exclusively reported from wild-caught fishes (Dykstra et al. 1989 , Noga et al. 1991 , Blazer et al. 1999 . In 1984, the first confirmed cases of EUS in the USA were documented in Atlantic menhaden Brevoortia tyrannus from estuaries of North Carolina (Dykstra et al. 1986 ). Since 1984, fish exhibiting ulcerative lesions typical of A. invadans infection have been documented in estuaries and rivers of the Atlantic coast from Long Island to Florida (Blazer et al. 2002 , Hawke et al. 2003 . Most recently, Sosa et al. (2007b) documented A. invadans infection of 21 species of fish collected from estuarine and freshwater systems throughout Florida.
Aphanomyces invadans is an opportunistic pathogen that can be highly invasive, gaining entry through surface wounds or an otherwise compromised mucus barrier. In challenge studies, mortality associated with EUS is high and may approach 100% (Kiryu et al. 2003 , Johnson et al. 2004 , Sosa et al. 2007a ). Cases of EUS in snakeheads (Family: Channidae) have previously been documented in southeast Asia (Lilley et al. 1998) . Treatment is only applicable to captive animals and often has limited success because some antifungal agents (e.g. malachite green and formalin) are toxic to the fish or do not penetrate the body deeply enough to reach the pathogen, which invades deep into the muscle tissue and internal organs (Campbell et al. 2001) .
Snakeheads are a group of freshwater, air-breathing fish, consisting of approximately 30 species in 2 genera, Channa and Parachanna. The former is found predominantly in eastern Asia as far south as Vietnam and as far north as Russia, while the latter is found only in subtropical Africa (Courtenay & Williams 2004) . Snakeheads are opportunistic carnivores that exhibit parental care (i.e. guarding their eggs and fry) and can tolerate very poor water quality for extended periods of time. These traits contribute to making snakeheads a desirable aquaculture species, but potentially harmful if introduced into naïve environments. Because they are air-breathers, they are often shipped and sold alive, potentiating the likelihood of intentional or accidental introduction to non-native environments (Fuller et al. 1999 , Courtenay & Williams 2004 . In the USA, snakeheads have been found within freshwater bodies since the early 1900s (Fuller et al. 1999 , Courtenay & Williams 2004 . Currently, 4 species of snakeheads may be found in the USA: blotched snakehead C. maculata; striped snakehead C. striata; northern snakehead C. argus; and bullseye snakehead C. marulius. Of these, only the northern and bullseye snakeheads are found within the continental USA. The first established northern snakehead population was initially documented in Crofton, Maryland during the summer of 2002, but the species has since become established in the Potomac River along Virginia and Maryland (Courtenay & Williams 2004 , Odenkirk & Owens 2005 , US Geological Survey 2009 , Pensacola as part of an investigation of the thermal physiology of this non-native species. Snakeheads were transported to UWF in a dual-hulled, fiberglass-reinforced, 2250 l tank (Model SST-150, Red Ewald). The tank was filled with pond water found adjacent to the Non-native Fish Research Laboratory in Boca Raton, Florida. After 24 h, the fish were equally distributed into twenty-eight 64 l plastic aquaria containing dechlorinated tap water, within an Environmental Growth Chamber ® (EGC, Chagrin Falls) set at 20 ± 0.1°C. Individual tank temperatures were maintained at 31 ± 0.8°C using Ebo-Jägger submersible heaters (EHEIM, Deizisau, Germany), and filtration was provided by corner filters containing activated charcoal. The photoperiod was controlled at 12 h light: 12 h darkness. Each tank contained artificial cover composed of curling ribbon tied onto corrugated plastic and held in place by small lead weights. Fish were fed every 3 d. At each feeding, they were offered live, wild-caught western mosquito fish Gambusia affinis, until they accepted frozen beef heart and liver (which took ~1 mo). Water quality, including NH 3 , NO 2 -, NO 3 -, pH, and temperature, was monitored daily and a 25% water change was performed on all tanks weekly or as dictated by water quality parameters.
Tissue collection. Approximately 7 wk post-capture and at the time of peak mortalities, 4 fish were euthanized by transdermal exposure to a mixture of 1:9 clove oil:ethanol diluted to 200 mg l -1 in water (Hartman 2006; protocol approved by the UWF Institutional Animal Care and Use Committee [IACUC] ) and were shipped overnight on ice to the University of Georgia Veterinary Diagnostic and Investigational Laboratory, Tifton for diagnostic evaluation. Fish were euthanized prior to shipment because live injurious species could not be transported across state lines (Lacey Act 16 U.S.C. SS 3371-3378). Euthanasia was performed on select individuals just prior to shipment to ensure minimal postmortem change.
Necropsies were performed on the 4 fish. In brief, a ventral midline incision was made and internal organs examined for lesions. A subset of each tissue (brain, skin [especially lesions], skeletal muscle, eye, thymus, heart, gill, spleen, intestine, kidney, liver) was preserved in 10% buffered formalin for histological analysis. Formalin-fixed tissues were routinely processed using a Shandon Pathcentre ® tissue processor (Thermo Scientific) and embedded in paraffin. One or more 4 µm thick sections were cut from each paraffin block and placed on glass slides. The slides were stained with hematoxylin and eosin (H&E), cover-slipped, and viewed by light microscopy (Olympus BX41) for histopathological changes. Photomicrographs of the stained slide preparations were taken using an Olympus DP70 camera attached to the light microscope. To examine for fungal elements, a Grocott-Gomori's methenamine silver stain was applied following Carson (1997) . Fungal hyphae were measured using an ocular micrometer housed in the light microscope.
At necropsy an additional subset of select tissues (liver, kidney, intestine, skin) was collected for virus isolation and bacterial culture. Fresh tissue samples were processed for bacterial culture and viral testing. For bacterial culture, tissues were inoculated into 5% sheep blood and MacConkey agar (Remel, Fisher Scientific) and incubated at 27°C. Bacterial isolates were identified either by using an automated identification system (Sensititer, Trek Diagnostic Systems) or conventional biochemical testing. For virus isolation, fresh tissue specimens from all organs were used. A 10% tissue homogenate was made and filtered directly onto confluent monolayers of fathead minnow cells, channel catfish ovary, epithelioma papulosum cyprinid, and white sturgeon skin. Cell monolayers were examined daily for 2 wk and if negative, a second passage was performed to confirm.
PCR. PCR was used for molecular analysis of the tissues. Genomic DNA (gDNA) was extracted from paraffin-embedded tissues, from each of the 4 fish, following the protocol of Kattenbelt et al. (2000) . Paraffinembedded tissues included sections identified by histology to contain hyphae (i.e. skin and skeletal muscle lesions) and 2 gDNA samples were obtained for each fish. Approximately 50 ng of purified gDNA was added to the PCR reaction mixtures and the fish tissues were PCR-assayed using the methods described in Vandersea et al. (2006) . The PCR assay included a positive and negative control. The positive control incorporated 50 ng of Aphanomyces invadans gDNA in the reaction mixture. The negative control substituted 1× PCR reaction buffer for DNA in the reaction mixture to confirm that the reagents were not contaminated. The Ainvad-2F (5'-TCA TTG TGA GTG AAA CGG TG-3') and Ainvad-ITSR1 (5'-GGC TAA GGT TTC AGT ATG TAG-3') primers were used to amplify a species-specific 234 bp product. An aliquot (5 µl) from each amplification was analyzed by agarose gel electrophoresis on a 3.5% Tris-acetate-EDTA (TAE) gel using 75 V of current and ethidium bromide staining. Digital gel images were captured using an Alpha Innotech MultiImage TM Light Cabinet and UV illumination. The size of the PCR product was estimated by comparison with a Mark IX molecular weight ladder (Roche Diagnostics).
Treatment. Although therapeutic treatments were attempted once fish started dying, more aggressive treatments were given once a diagnosis of Aphanomyces invadans was established. Treatments included increasing the frequency of feedings, lowering the water temperature, and various chemical treatments of water baths and dips (see Table 1 ). To attempt to control aggression in the fish, the feeding frequency was increased from every 3 d to every 2 d and the water temperature lowered to 24 ± 0.5°C. Water baths included over-the-counter antibacterial treatments such as nitrofurazone and furazolidone (Furan-2 ® , Aquarium Pharmaceuticals, Mars Fishcare) or antifungal treatments, including a herbal remedy (IchAttack ® , Kordon), Victoria (malachite) green and acriflavine (Fungus Cure ® , Aquarium Pharmaceuticals, Mars Fishcare), and a 0.0038% solution of malachite green (Kordon), which were administered according to the respective manufacturer's recommendations. A water bath consisting of 1 mg l -1 malachite green with 20 mg l -1 formalin also was used (Clifton-Hadley & Alderman 1987). Water baths were repeated daily for 3 to 10 d except Fungus Cure ® , which was administered every other day. Water dips, rather than baths, were used to treat fish with NaCl, formalin, and hydrogen peroxide, as these chemicals may be toxic to some fishes (Mashima & Lewbart 2000) . Betadine wipes (10% iodine solution) used over the skin lesions followed by a freshwater rinse were also attempted. Evaluation of the effectiveness of the treatments was subjective based on resolution of lesions and whether the fish survived.
RESULTS AND DISCUSSION
Clinical signs were initially observed in 2 tanks on Day 2 of captivity, and appeared in other tanks at a rate of approximately 5 to 7 tanks wk The first clinical sign observed was petechia and ecchymosis on the dorsal, anal, and caudal fin rays. Subsequent subscale swelling occurred after 7 to 9 d, and was especially prominent in the nape and opercular regions of the head (Fig. 1A) . Affected areas of the nape were often darker than the surrounding tissue. Muscle wasting, ocular opacity, and cotton-like tufts also were noted generally 10 d after the onset of clinical signs. By 15 d post-onset of clinical signs, ulceration and depigmentation occurred. Behavioral changes included erratic swimming and rubbing along surfaces, with rubbing often noted just before the onset of poor health, but then eventually progressing to a loss of equilibrium and an inability to feed in terminal stages. Additionally, tank-mate aggression gradually decreased as the signs of infection increased in number or worsened. Increased respiratory effort and airbreathing were noted in the terminal stages, with death occurring 24 to 48 h later.
At necropsy, petechia, ulceration, and muscle wasting were noted. Histological sections of skin from multiple areas, especially the head region, had exuberant hyphae invading through the ulcerated skin, into the skeletal muscle (Fig. 1B) and to a lesser extent into other organs including the kidney (Fig. 1C) and nerves. Corneas were generally swollen by edema, and hyphae were present, primarily in the periocular area but also occasionally in the cornea (Fig. 1D) . In more severely affected areas, granulomatous inflammation was also present, and was characterized by numerous macrophages, few lymphocytes and eosinophils, and scant cellular debris. Hyphae were nonseptate with irregular walls and occasional branches and varied in width (10 to 20 µm). The surrounding muscle fibers were fragmented, vacuolated, and disrupted with loss of cross striations and separation of the fibers. These gross and histological changes were consistent with ulcerative dermatitis and myositis. The PCR products generated from the tissue samples (which included the skin and (Fig. 2) .
Results of other tests were either negative or incidental findings. Virus isolation was negative. Bacterial culture revealed opportunistic organisms in multiple organs (liver, kidney, intestine, skin) of all fish, and included Aeromonas hydrophila, A. sobria, Citrobacter freundii, Pseudomonas mendocina, P. fluorescens, Edwardsiella tarda, Streptococcus-alpha hemolytic, Chryseobacterium meningosepticum, Stenotrophomonas maltophilia, and Plesiomonas shigelloides. Given the lack of corresponding histological changes (e.g. presence of intracellular bacteria) to these organs (especially the liver and kidney) and the fact that the fish had been dead > 24 h before tissue collection, these bacteria were interpreted as either postmortem growth or incidental (i.e. rather than bacterial septicemia). Other findings included rare numbers of trematode and cestode cysts within the coelomic cavity but not invading organs (noted histologically), and rare numbers of nematodes free in the body cavity (noted grossly). These parasites are commonly observed in free-ranging lower vertebrates, and as none of the parasites in these fish were invading organs, they were interpreted as incidental.
At the time the diagnosis of Aphanomyces invadans was made (~60 d post-capture), < 50% of the fish remained alive and more aggressive treatments were attempted. Treatments included attempts to reduce stress (e.g. associated with tank mate aggression or water quality) and chemotherapy. Juvenile snakeheads can be very aggressive and larger juveniles would target the smallest fish in each tank. The posterior edges of the dorsal, anal, and caudal fins, or opercular regions on the head were bitten with the highest frequency and were often the locations for the initial lesions, and likely served as sites of entry for A. invadans. Fairweather (1999) observed similar aggressive behavior in Channa striata and noted that areas (dorsal, anal, caudal fins) most frequently attacked by other fish became the initial site of A. invadans infection. To attempt to address the aggressive behavior, fish were fed more frequently (every other day) and tank temperatures were dropped to 24 ± 0.5°C.
Chemotherapy included a combination of water baths (< 24 h exposure), water dips (<15 min exposure), and chemical wipes (Stoskopf 1993 , Mashima & Lewbart 2000 (Table 1) . Treatments had minimal efficacy, presumably due to their inability to reach the deeply penetrating Aphanomyces invadans hyphae (see Campbell et al. 2001 ). Despite our attempts at treatment, 100% mortality occurred by 2.5 mo (73 d) postcapture (Fig. 3) .
Many factors likely contributed to this epizootic, including capture stress, lack of prophylactic treatment (e.g. low-dose saltwater bath), and shipment of fish in water collected from a local pond known to contain high densities of fishes. Husbandry factors that potentially contributed to this epizootic include maintaining fish in pond water for 24 h (during the acclimation period), using wild-caught mosquito fish as a food source, and inadequate sterilization of equipment used to monitor water quality and to perform water changes. Although Aphanomyces invadans infection in mosquito fish was not noted, it is possible that secondary zoospores may have been mechanically transported on these fish (Kiryu et al. 2003) , and therefore, should be considered as a source of the pathogen. Similarly, Fairweather (1999) documented that contamination of tank equipment was the likely cause for control-group fish exhibiting signs of EUS. Finally, dropping the tank temperature to 24°C may have helped control aggressive behavior in the fish, but it also may have provided a more (i.e. compared to 31°C) optimal temperature for A. invadans growth because the lower temperature is in the middle of the optimal range (19 to 30°C) for A. invadans growth (Lilley & Roberts 1997 , Lilley et al. 1998 .
Introduction of non-native species can have deleterious impacts on native species, through predation, competition for resources, hybridization, or the introduction of novel pathogens (Courtenay 2007) . For example, Kiesecker et al. (2001) found that introduced salmonids became a vector for Saprolegnia spp. to naïve western toad Bufo boreas embryos. Aphanomyces invadans may disseminate similarly. Many factors play a role in how a pathogen might affect a fish population and include ability to infect a host, duration A. invadans positive control that incorporated 50 ng of A. invadans gDNA in the reaction mixture (234 bp); Lanes 3 to 10: bullseye snakehead tissue samples; Lane 11: negative control that substituted 1× PCR reaction buffer for DNA in the reaction mixture. The image was captured using a MultiImage TM Light Cabinet (Alpha Innotech) and UV illumination of infection, density of host species, development of immunity, and efficacy of therapeutants (Reno 1998) . Of these, the ability of a pathogen to infect a host, also called the transmission coefficient (β), is considered the prime interaction necessary for an epizootic disease to develop (Reno 1998 Other losses were due to tank-mate aggression, water quality, and desiccation from jumping out of the tanks, but these accounted for < 5% of the total captive population ®
